We have previously shown that medium-chain triglyceride (MCT) resulted in significantly less body fat mass than long-chain triglyceride (LCT) did in hypertriglyceridimic subjects. The possible mechanism for this was investigated by measuring and analyzing changes in the body fat, blood lipid profile, enzymatic level and activity of hormone-sensitive lipase (HSL) and its mRNA expression, and levels of cyclic adenosine monophosphate (cAMP) and protein kinase A (PKA) in white adipose tissue (WAT) of C57BL/6J mice fed for 16 weeks on an MCT or LCT diet. MCT induced lower body weight and body fat, and an improved blood lipid profile than LCT did. The enzymatic level and activity of HSL and its mRNA expression, and the levels of cAMP and PKA were significantly higher in WAT of mice fed with the MCT diet. No significant differences in the levels of lipoprotein lipase and peroxisome proliferator-activated receptor-in WAT were apparent between the effects of MCT and LCT. It is concluded that lipolysis by the increased level and activity of HSL, which was induced by the activation of cAMP-dependent PKA in WAT, was partially responsible for the lower fat accumulation in C57BL/6J mice fed with MCT.
Excess calories are stored as triglyceride (TG) in white adipose tissue (WAT), which increases the body fat mass, leading to obesity threatening human health. 1) Dietary manipulation to restrict fat intake is considered to be an effective approach for preventing and treating obesity. Dietary fats are generally long-chain triglycerides (LCTs) composed of long-chain fatty acids (LCFAs) with 14 or more carbon atoms often carrying one or more double bonds. Medium-chain triglycerides (MCTs) are composed of fatty acids with 8 or 10 carbon atoms. MCTs and LCTs are metabolized differently. 2, 3) MCTs are readily and completely hydrolyzed to free medium-chain fatty acids (MCFAs) and glycerol by lingual or gastric lipase and pancreatic lipase. Absorbed MCFAs are directly transported to the liver via hepatic portal circulation and readily oxidized to ketones. 4) Dietinduced thermogenesis is accelerated as a result. 5) Many investigations during the past few years have reported that the intake of MCFA or MCT resulted in less body weight gain and body fat mass in animals and humans. [6] [7] [8] [9] Our previous studies on humans have suggested that dietary oil containing MCFA could reduce in hypertriglyceridemic subjects the body weight, body mass index (BMI), body fat mass, waist circumference (WC), hip circumference (HC) and waist-hip ratio when compared to oil containing LCFA, and that these effects were much better in subjects who were male, overweight and less than 60 years old. 6, 10, 11) MCT has been considered to have potential for preventing and treating obesity, although the mechanism was not fully understood. Some studies have reported that MCT, compared with LCT, could increase energy expenditure and hepatic fatty acid oxidation in rats and humans. [12] [13] [14] Some results have also suggested that fatty acid oxidation and synthesis in white adipose tissue (WAT) were different in rats when MCT and LCT had been ingested. 15) It is, however, still unclear how MCT affects the degradation of triglycerides in WAT. Hormone-sensitive lipase (HSL) in WAT has been considered to be the major enzyme responsible for the hydrolysis of stored triglycerides in adipose tissue, and some authors have suggested that HSL, together with other yet unidentified lipases could manipulate the mobilization of fatty acids in adipocytes. HSL is thought to be a potential target for treating lipid disorders and obesity. 16, 17) We hypothesized that MCT could be a trigger for HSL activation in order to find a possible mechanism responsible for the body fat-lowering effect of MCT. We therefore examined in the present study changes in the enzymatic activity and mRNA level of HSL, and the levels of cyclic adenosine monophosphate (cAMP), protein kinase A (PKA) and HSL in WAT and blood, and of lipoprotein lipase (LPL), fatty acid synthase (FAS) and peroxisome proliferator-activated receptor-(PPAR-) in WAT of male C57BL/6J mice fed on a diet with MCT or LCT.
Materials and Methods
Materials. MCT (consisting of octanoate and decanolate) and LCT (rapeseed oil) were presented by Nisshin Oillio (Tokyo, Japan). Their fatty acid compositions measured by gas chromatography are shown in Table 1 .
Animals and diets. 45 male C57BL/6J mice (4-5 weeks old) were obtained from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences (license no. SCXK: JING2009-0007) and housed in a room at 22 AE 1 C and 40-60% humidity with a 12-h light/dark cycle (8:00-20:00). Commercial standard feed (purchased from Academy of Military Medical Sciences and based on the AIN-96G diet 18) ) was used as the basal diet. The mice had free access to this basal diet and water for 1 week to stabilize their metabolic condition. The mice were then randomly assigned to three groups according to their fasting body weight. One group of mice were fed on the basal diet for 16 weeks and served as a normal diet control. The other two groups of mice were allowed free access for 16 weeks to two different experimental diets whose compositions are shown in Table 2 .
The body weight and food intake were monitored twice a week. After 16 weeks of feeding, the mice were anesthetized, and blood samples were collected from the aorta ventralis. The blood samples were centrifuged at 1;600 g for 10 min, and sera were collected and stored at À80 C until needed for analysis. Liver samples and the mesenteric, epididymal and perirenal fat pads were excised, rinsed and weighed. A part of the epididymal fat pad was immediately frozen in liquid nitrogen and stored at À80 C, and another part was excised and put in a 4% formaldehyde buffer for a pathological examination. All experiments were conducted in accordance with the guidelines of the Animal Care and Use Committee of PLA Chinese Hospital.
Analysis of the serum samples. The serum levels of total cholesterol (TC) and triglyceride (TG) were determined by enzymatic colorimetric methods with commercial kits (290-63701 and 294-65801; Wako, Japan), and high-density lipoprotein cholesterol (HDL-C) and lowdensity lipoprotein cholesterol (LDL-C) were determined by the sediment method with a commercial kit (ab65390; Abcam, USA). The concentrations of free fatty acids (FFAs), cAMP, PKA and HSL in the blood were measured by mouse enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturers' instructions (E03F0002 (FFA), E03A0027 (cAMP) and E03P0573 (PKA) all from Bluegene, China; and BPE30636 (HSL) from GBD, USA).
Analysis of the epididymal adipose tissue. WAT was fixed overnight in 4% formaldehyde, dehydrated with alcohol which was then removed by xylene, and embedded in wax. Paraffin sections were made and stained with hematoxylin and eosin. The diameters of 100 cells were determined by examining with a microscope (Olympus, Japan) equipped with a caliper scale. The mean long and short diameters of adipocytes and the average number of adipocytes in each horizontal parallax field of the microscope were then calculated according to the methods developed by Hirsch and Gallian. 19) A part of the epididymal adipose tissue was homogenized in 10 volumes of a 0.9% NaCl solution. The resulting homogenate was centrifuged for 15 min at 700 g and 4
C to create a floating fat layer as a sample for measurement. The levels of FAS, LPL, PPAR-, cAMP, PKA and HSL in the homogenate were determined with corresponding ELISA kits (E03L0011 (FAS), E03L0005 (LPL), E01P0045 (PPAR-), E03C0027 (cAMP) and E03P0574 (PKA) all from BlueGene, China, and BPE 92156 (HSL) from GBD, USA).
Determination of HSL enzyme activity and assay of HSL mRNA expression level. The HSL enzyme activity in the serum and WAT samples was measured by the method previously described, 20, 21) using diolein analogue 1(3)-mono[
3 H]-oleoyl-2-oleoylglycerol as the substrate. This substrate is only catalyzed by hormone-sensitive lipase, and not by lipoprotein lipase under the incubation conditions (pH 7.0 and no apoC2 present). One unit of enzyme activity is defined as 1 mmol of oleic acid released per min at 37 C. The total activable enzyme in the sample was measured, because the phosphorylated and dephosphorylated forms of the enzyme have the same activity towards the diglyceride substrate with this type of assay. The lipase activity in WAT was related to the total protein concentration of the infranatant; this was measured with a BCA protein assay kit (Pierce, USA), using bovine serum albumin as a standard, so the enzymatic activities in white adipose tissue are expressed as unit per mg of protein.
Another part of the infranatant was used to determine HSL mRNA expression by quantitative real-time RT-PCR. Total RNA was isolated from epididymal white adipose tissue by using the Trizol reagent (Invitrogen, USA). cDNAs were synthesized from 3 mg of RNA by using M-MLV reverse transcriptase (Invitrogen, USA). Quantitative real-time PCR was performed after cDNA synthesis in 25 mL of a Bioeasy SYBR Green PCR Master mix (Sun Biomedical Technology Co., China), using a fluorometric thermal cycler (Line-Gene fluorometric PCR detection system; BoRi Technology, China). Reaction mixtures were incubated for initial denaturation at 95 C for 2 min, followed by 45 cycles of 95 C for 20 s, 59 C for 25 s and 72 C for 30 s. Primers were designed by using Primer Express 3.0 software with the following sequences: actin (forward, 5 0 -GAGACCTTCAACA-CCCCAGC-3 0 ; reverse, 5 0 -ATGTCACGCACGATTTCCC-3 0 ), HSL (forward, 5 0 -CAGAAGGCACTAGGCGTGATG-3 0 ; reverse, 5 0 -GGG-CTTGCGTCCACTTAGTTC-3 0 ). These primers were based on the mRNA sequences from a database (accession numbers NM 007393 for actin and, NM 001039507 for HSL). The ÁCt method was used to evaluate the relative quantification. The ÁCt value for each sample Statistical analysis. All data are expressed as the mean AE SD. The statistical significance of differences among the control, LCT and MCT groups was subjected to a one-way analysis of variance and Tukey's multiple-range test. An analysis of covariance (ANCOVA) was performed by using SPSS software version 17.0 to compare differences for body weight. p < 0:05 was set to be statistically significant.
Results
There were no significant differences in the daily average food intake among the three groups by the 4th week. The average daily diet intake in the 8th, 12th and 16th weeks, and the average daily diet intake and energy intake during the 16 weeks duration of the experiment, and the food efficiency ratio were significantly higher in both the MCT and LCT groups than in the control group, although there were no significant differences between the MCT and LCT groups (Table 3) .
There were significant differences in body weight among the three groups from the 4th week onwards (Table 4) , the body weight of the MCT group being significantly lower than that of the LCT group. The weights of the liver, mesenteric, epididymal and perirenal fat pads, the total fat pad weight (the sum of the mesenteric, epididymal and perirenal fat pads) and the percentage of the total fat pad/body weight were significantly lower in the MCT group than in the LCT group (Table 5) . A morphological analysis of the epididymal fat pad showed that the long and short diameters of the adipocytes were significantly lower, and correspondingly, the number of adipocytes was significantly higher in the MCT group than in the LCT group (Fig. 1, Table 6 ).
The serum lipid profiles are shown in Table 7 . The mice in the MCT group showed significantly lower blood triglyceride, total cholesterol, LDL-C and FFA concentrations than the LCT group. Interestingly, the HDL-C level and ratio of HDL-C/LDL-C were much higher in the MCT group than in the LCT group. The HSL activity, and the levels of HSL, cAMP and PKA in the blood were not significantly different between the MCT and LCT groups.
The concentrations of LPL and PPAR-in the epididymal fat pads were not significantly different among the three groups, but the level of FAS was significantly lower in the MCT group than in the LCT group. Both the level and activity of HSL, and the levels of cAMP and PKA in WAT were significantly higher in the MCT group than in the LCT group (Table 8 ). The expression of HSL mRNA in the epididymal adipose tissue of the MCT group was significantly higher than that in the LCT group (Fig. 2) .
Discussion
MCFAs usually exist in form of MCT in foods and oils. MCT is readily hydrolyzed to MCFAs that are absorbed into the portal vein and are rapidly taken up and oxidized by the liver. LCFAs, in contrast, are packed into chylomicrons which bypass the liver via the lymphatic system and are delivered to extrahepatic tissues. 22) The results from both animal and human studies have provided evidence that an MCT diet induced less deposition of body fat than an LCT diet did. 9, 10, 23, 24) We observed in the present study similar results for C57BL/6J mice fed with MCT. Our results also show that MCT reduced the serum concentrations of triglyceride, total cholesterol, LDL-C and FFA. These results are in accordance with those of our previous clinical trial, 6, [9] [10] [11] although some studies have considered that the lipid metabolism of mice was no different from that of humans in certain respects. 25) The main explanations for the effect of MCT on reducing body fat accumulation are based on some results that MCT increased the energy expenditure in the body and accelerated fatty acid oxidation in the liver or WAT of rats. 12, 15) Does MCFA therefore stimulate lipolysis? Lipolysis in the adipose tissue of humans and rodents is regulated in a step-wise pattern by adipose triglyceride lipase (ATGL), HSL, and monoacylglycerol lipase (MAGL).
26) The current model for this indicates that ATGL and HSL initiate lipolysis by first cleaving FA from TG, and then HSL and MAGL respectively acting on diacyglycerol and monoacylglycerol, releasing two additional FAs and one glycerol molecule. 27) However, the expression of ATGL has been highest in the brown adipose tissue (BAT) of mice. 28 ) HSL, and not ATGL has therefore been considered to be the key enzyme responsible for the hydrolysis of stored triglycerides and the production of subsequently released FFA in WAT. A key feature of HSL is being activated via phosphorylation by cAMP-dependent protein kinase. Although HSL can apparently only be activated by a 2-3-fold increase via phosphorylation in vitro by cAMPdependent protein kinase, lipolysis can be stimulated by a 50-100 fold increase in adipocytes. 29) Mottillo et al.
have found that the phosphorylation of HSL played a crucial role in the hydrolysis of triglycerides in WAT by -adrenergic stimuli. 30) If HSL were not to be activated, its function for lipolysis would fail. An interesting finding in the present study was that both increased enzymatic activity and the concentration of HSL in WAT of C57BJ/6L mice fed with MCT were in parallel when compared to the mice fed with LCT (Table 8) . We also found increased expression of HSL mRNA in WAT of the MCT group (Fig. 2) . These changes in HSL might have been due to increased irritation of the adrenergic nerve, because the levels of cAMP and PKA in WAT of the C57BJ/6L mice were significantly higher in the MCT group than in the LCT group. These results clearly provide substantial evidence for the increased function and expression of HSL by the intake of MCT being responsible for accelerating lipolytic capability in white adipose tissue.
Lipoprotein lipase (LPL) is also a major enzyme regulating the process of lipolysis. 31) MCT has been reported to enhance the expression of LPL, which increased basal lipolysis and facilitated triglyceride hydrolysis in adipocytes in post-confluent 3T3-L1 preadipocytes. 32) Triglycerides containing MCFAs have also been shown to be hydrolyzed more rapidly by LPL than triglycerides containing LCFAs, 33) indicating that MCT might have affected the level and/or expression of LPL. Although no significant difference in the levels of LPL in WAT was apparent in this study between the MCT and LCT groups, a decreased level of serum TG was found in C576J/BL mice fed with MCT (Table 7) . Based on these results, we presume that LPL might not have been mainly responsible for lipolysis in WAT, but possibly for the hydrolysis of triglyceride in the blood. However, the FFA concentration in the MCT-fed C57BL/6J mice was lower in the present study than that in the LCT-fed mice (Table 7) . This result might simply have been due to either more rapid transport of FFA in the blood from adipocytes to the liver and other organs, or to higher -oxidation of FFA released from triglyceride in the blood and WAT. This is similar to the result in a previous report.
34 ) The decreased level of serum TG in the MCT group implies other factors which could have been responsible for this result. The level of FAS in the present study was lower in MCT than in LCT. Chakravarthy et al. have reported that a low level of FAS could protect mice from dietinduced obesity. 35) Additionally, PPAR-has been reported as a key transcriptional factor for lipid accumulation. 36) PPAR-regulates the expression of such adipogenic genes as FAS, resulting in an increase of triglyceride in fat cells. 37) Grobe et al. have suggested the a PPAR-inhibitor could decrease adipose tissue lipogenesis in mice. 38) Although there was no significant difference in the levels of PPAR-in WAT between the MCT and LCT groups, the level in the MCT group tended to decline in the present study.
We identified significant reductions in the mesenteric, epididymal, and perirenal fat pads of C57BJ/6L mice fed on the MCT diet. Reduced adipocyte size and increased adipocyte number were simultaneously found. Adipocyte size is determined by intracellular lipids, 39) so a reduced adipocyte size would have resulted from the increased mobilization of intracellular fat. Triglyceride lipolysis in WAT was substantially stimulated by the diet containing MCT as predicted, and we suggest that this process was related to the increased activity and expression of HSL which was stimulated by the MCT diet.
In conclusion, increased lipolysis by the higher level activity of HSL induced by the activation of cAMPdependent PKA in WAT was partially responsible for less fat accumulation in C57BL/6J mice fed with MCT. 
